Abstract. The Mediterranean fl our moth, Ephestia kuehniella is a widespread pest of stored products and a classical object in experimental biology. In the present study, we determined its complete mitochondrial genome sequence. The genome is circular, consists of 15,327 bp and comprises 13 protein-coding, 2 rRNA-and 22 tRNA-coding genes in an order typical for the Ditrysia clade of the order Lepidoptera. A phylogenetic study of the Lepidoptera based on complete mitochondrial genomes places E. kuehniella correctly in the family Pyralidae and supports major lepidopteran taxa as phylogenetic clades. The W chromosome of E. kuehniella is an exceptionally rich reservoir of originally mitochondrial sequences (numts). Around 0.7% of the W DNA was found to be of mitochondrial origin, 83% of the mitogenome sequence was represented between 1-11 × in the W chromosome. Phylogenetic analysis further revealed that these numts are an evolutionary recent acquisition of the W chromosome.
INTRODUCTION
Mitochondrial genomes have some outstanding features compared with nuclear eukaryotic genomes. They are usually circular, non-recombining, present in multiple copies, transmitted from females only, and have a slightly different genetic code. In Metazoa, the mitochondrial genome typically contains 13 well-conserved intron-less protein coding genes (PCGs), 2 rRNA and 22 tRNA genes (Bernt et al., 2013) .
Because of the relative ease of obtaining them, mitochondrial DNA sequences have been used extensively in phylogenetic studies. These have mainly been based on PCGs and/or the 16S rRNA gene. The mitochondrial COX1 gene has been sequenced from a great many species in pursuit of the Barcode-Of-Life project and forms the greatest existing global database for a single gene (www. boldsystems.org).
The Mediterranean fl our moth, Ephestia kuehniella is a pest of stored cereal products, grains and fl our. Humans have been largely responsible for spreading this serious
The mitochondrial genome of the Mediterranean fl our moth, Ephestia kuehniella (Lepidoptera: Pyralidae), and identifi cation of invading mitochondrial sequences (numts) in the W chromosome KATRIN LÄMMERMANN 1, 3 , HEIKO VOGEL 2 and WALTHER TRAUT 3, * for sequencing. When the mitogenome sequence from position 4000-8000 was scanned with different window sizes for the lowest free energy and local folding potential with RNAslider and mfold (Patzel et al., 1999; Dornseifer & Sczakiel, 2013) , a minimum of free energy with about -20 kcal turned up around position 6300 with a potential to form a perfect 40 nt hairpin loop which may have caused the initial PCR problems.
Annotation
PCGs and ribosomal RNA genes were predicted with the help of the DOGMA program (Wyman et al., 2004) and by homology with known lepidopteran genes. To predict tRNA genes, ARWEN (Laslett & Canbäck, 2008) was used.
Alignment and phylogenetic analyses
In a preliminary approach with only seven lepidopteran species, we tested whole mitogenomes, concatenated PCG nucleotide, and amino acid sequences as substrates for a phylogenetic study. Phylogenies calculated from the concatenated pre-aligned amino acid sequences of all 13 PCGs conformed best with the lepidopteran phylogeny published by Regier et al. (2013) . This procedure was then used in a fi nal series of 49 mitogenomes (47 Lepidoptera and 2 Trichoptera species, Table 2 ).
Multiple alignments were performed with ClustalW (Larkin et al., 2007) using the standard parameters. Misplacements of amino acids bordering gaps were corrected manually if, and only if, the new alignment was obviously better and no further gaps were created. For phylogenetic analyses, Neighbor Joining (NJ) (Saitou & Nei, 1987) , Maximum Likelihood (ML) (Felsenstein, 1973) and Minimum Evolution (ME) (Rhetsky & Nei, 1993) trees were constructed with default parameters using the MEGA6 platform (Tamura et al., 2013) . Bootstrapping (1000 repeats) served as a confi dence test.
Numt searches
For numt searches in the E. kuehniella W chromosome we used an existing library of 20,718 contigs with ≥ 100 bp, assembled from 361,828 Roche/454 and 1,172 Sanger reads of microdissected W chromosome DNA (see Traut et al., 2013) . FASTA36 searches were performed with a threshold expectation value of E = 0.0001 and the complete E. kuehniella mitogenome as a query. To allow for the use of a linear query in the case of a circular genome, we added the missing hits obtained with a query in which the start of the linearised mitogenome was shifted by 300 bp. All alignments of hit sequences were inspected individually. We counted as numts only those sequences that had a minimum of 15 bp fl anking non-mitochondrial sequence and, therefore, appeared "chimeric". Completely "mitochondrial" contigs were excluded from this study because they may have been genuine mitochondrial sequences contaminating the W chromosomal library. Further excluded were hits on purely low complexity regions.
BLAST searches for numts in other genomes were performed with the same criteria in the genomes of the Bombyx mori, Danaus plexippus, Heliconius melpomene, Melitaea cinxia (EnsembleMetazoa at www.ebi.ac.uk), Chilo suppressalis (ento.njau.edu. cn/ChiloDB/), and Manduca sexta (agripestbase.org/manduca/).
RESULTS AND DISCUSSION

Sequence and gene order
The E. kuehniella mitogenome was assembled from Sanger sequences of mtDNA-enriched samples and PCR products from males. Long sequences of 516-3.282 bp (average 2.239 bp), free of non-mitochondrial segments, with precisely matching overlapping ends, were selected for the assembly to avoid the inclusion of numts. Nevertheeconomic pest insect around the world via infested goods (Invasive Species Compendium, www.cabi.org/isc). E. kuheniella is easy to breed in the laboratory and has been extensively used in developmental studies, and in genetic and cytogenetic research since the 1920s (reviewed by Robinson, 1971) . Although the W chromosome and several genomic loci were studied at the molecular level (see e.g. Rohwedel et al., 1993; Sahara et al., 1999; Traut et al., , 2013 Pytelková et al., 2009; Guz et al., 2012; Kobelková et al., 2015) , the nuclear genome has not yet been sequenced. In the present study, we describe the complete mitochondrial genome, compare it with that of other lepidopteran species, and investigate the invasion of the W chromosome by mitochondrial sequences called numts (i.e. nuclear mitochondrial DNA segments; Lopez et al., 1994) .
MATERIALS AND METHODS
Animals
For our study, we used the E. kuehniella laboratory strain "L", a strain known to have been inbred for many decades, originating from Alfred Kühn's broods of the 1930s. DNA for PCR amplification was extracted from male larvae only, to avoid contamination with known W chromosomal numts (Traut et al., 2013) .
DNA sequencing
The mitogenome was assembled from Sanger sequencing of two different sources: (1) DNA enriched for mitochondrial sequences by the alkaline lysis procedure (Tamura & Aotsuka, 1988) ; and (2) PCR products of primer pairs listed in Table 1 . PCRs were performed with Phusion High-fi delity Polymerase (Thermo Fisher Scientifi c, Dreieich, Germany). The DNA templates for PCR amplifi cations were isolated using the ZR Tissue & Insect DNA Microprep (Zymo Research, Freiburg, Germany) or by a salting-out protocol (Sunnucks & Hales, 1996) .
A small gap around position 6300 of the linearised mitogenome (see acc. no. KF305832) proved diffi cult to close by PCR. Several primer pairs were tried without success, although the same primers amplifi ed the correct sequences on either side of the gap. This problem was assumed to be caused by a highly stable secondary structure in that region. Eventually, PCRs with prolonged elongation times (3 min for ~ 500 bp) and using GC Phusion buffer were able to close the gap and thus rendered the products amenable less, like other mitogenomes, there is always a residual risk of not having assembled an absolutely numt-free sequence. The mitochondrial genome of E. kuehniella was circular with a size of 15,327 bp (acc. no. KF305832). Like most metazoans, the mitogenome codes for 13 PCGs, 2 rRNAs, and 22 tRNAs (Table 3) . Their order is shown in Fig. 1 . An overlap of 7 bp coding sequence was found at the transition from the ATP8 to the ATP6 gene.
A phylogenetically informative tRNA gene rearrangement has been described by Cao et al. (2012) and Timmermans et al. (2014) . In insects, the inferred ancestral order of tRNA genes between the control region and the NADH2 gene is tRNA-Ile / tRNA-Gln / tRNA-Met. Non-ditrysian moths from the superfamilies Hepialoidea, Adeloidea, and Nepticuloidea share this order, while in Ditrysia, Palaephatidae, and Tischeriidae, the order is tRNA-Met / tRNAIle / tRNA-Gln, thereby supporting the assumed monophyletic origin of this group. In E. kuehniella, the order of tRNA genes between the control region and the NADH2 gene, corresponding to nucleotide positions 1-203, is identical to that of other ditrysians.
Phylogenomics
After preliminary tests with a small set of mitogenomes (see Material and methods), we used concatenated prealigned amino acid sequences of all 13 PCGs for a straightforward approach of phylogenetic analysis. Only species with completely known mitogenomes were included. To avoid oversampling of some groups, we selected at most two species from all families of which such data were available (see Table 2 ). Two species of Trichoptera, the sister group of Lepidoptera, served as outgroups.
The Neighbor Joining (NJ) tree constructed on this dataset is shown in Fig. 2 . The tree topology is rather robust. Maximum Likelihood (ML) and Minimum Evolution (ME) trees display identical topologies (except for one node with < 50% bootstrap support, not shown). E. kuehniella is grouped with the Indian meal moth, Plodia inter- punctella, another pyralid species and its closest relative with a sequenced mitogenome (Liu et al., 2016) . Members of the same family are correctly joined, and superfamilies, with a few exceptions, are represented as monophyletic groups. A conspicuous exception are the "butterfl ies", Papilionoidea plus Hesperioidea. As already noted by Kristensen & Skalski (1999) in their earlier phylogenetic analysis of the Lepidoptera, based mainly on comparative morphology, Papilionoidea are paraphyletic. This superfamily forms a single clade only together with Hesperioidea. Bombycoidea are monophyletic only when Lasiocampidae (i.e. Dendrolimus punctatus) are omitted. Similarly, Yponomeutoidea appear as monophyletic only without Lyonetiidae (i.e. Leucoptera malifoliella). As to Pyraloidea, Pyralidae (i.e. E. kuehniella and Plodia interpunctella) and Crambidae (i.e. Chilo suppressalis and Ostrinia nubilalis), just fail to form a common dichotomous branching node, the bootstrap value is 45%.
Major taxonomic groups like Ditrysia, Obtectomera, and Macroheterocera are well supported as monophyletic in our mitogenome tree. The internode branch lengths of some other early ditrysian lineages are rather short and collapse when a bootstrap cut-off value of 50% is applied as in Fig. 2 . The diffi culty to resolve the phylogeny of early ditrysian lineages has been observed in previous studies of lepidopteran phylogeny, both when using molecular as well as comparative morphologic approaches. This difficulty is supposed to refl ect a period of radiation at the basis of ditrysian evolution, presumably correlated with the radiation of fl owering plants (Mutanen et al., 2010) . Nodes were collapsed at the 50% bootstrap cutoff value. Two trichopteran species served as outgroups. Numbers denote bootstrap values.
Numts in the W chromosome
Two libraries, Roche/454 and Sanger sequences, of W chromosomal DNA from E. kuehniella had been established in a previous investigation and shown to contain > 1% reads with DNA of mitochondrial origin (Traut et al., 2013) . The libraries were prepared from microdissected W chromatin. Here, we use the contig library assembled from the combined Roche/454 and Sanger sequences for a detailed analysis.
Using the Ephestia mitogenome as a query, FASTA searches exposed 235 contigs as partly or fully consisting of mitochondrion-derived sequence. We could not exclude the possibility that genuine mitochondrial sequences were contaminants of the library. Therefore, we considered as numts only those that had at least 15 bp fl anking non-mitochondrial sequence besides mitochondrion-derived sequence. That left 146 contigs with numt sequences.
When the W-chromosomal numts were mapped against the mitogenome, 83.3% of the mitogenome were also found to be present in the W chromosome. Each position of the mitogenome was represented 0-11 × in W chromosomal DNA (Fig. 3 ). There were 7.28 bp numts per kb mitogenome in the contig library.
For a comparison, we determined the numt density in the genome libraries of other lepidopteran species, which are publicly available. The fraction of numt sequences in these genomes was 2-3 orders of magnitude lower than present in the E. kuehniella W chromosome (Table 4) . However, there was no opportunity to study numt density in their W chromosomes because three of the libraries were assembled from male genomes, i.e. they consisted of autosomal and Z chromosomal sequences only. Three other libraries included the W chromosome, but since W-chromosomal contigs or scaffolds have not been earlier identifi ed in such libraries, we could not determine the numt density in the W chromosomes therein.
Recorded numt densities in other nuclear genomes are also mostly in the order of 0.001-0.01 bp/kbp but vary from 0 in the mosquito, Anopheles gambiae to 1.7 bp/kbp in the model plant species, Arabidopsis thaliana (Richly & Leister, 2004; Pamilo et al., 2007) . Thus the numt density of the Ephestia W chromosome is more than 4× that of the highest density recorded to date in a nuclear genome.
We attribute the high proportion of numt sequences in the W chromosome to its non-recombining nature. W chromosomes cannot eliminate invading sequence as long as these sequences are not decreasing the organism's overall fi tness. Hence, numts accumulate very much like transposon sequences do in the W chromosome. Besides nonrecombination, there is probably no selection acting on mitochondrial sequences, once they are inserted in the W chromosome. Hence, mutability is supposed to be high. We indeed found deletions, insertions, inversions and base substitutions in originally protein-coding and other numt sequences. Nevertheless, identity with the genuine mitochondrial sequence was still very high (94-100%). This indicates that the detected numts were rather recent insertions in the W chromosome.
To test this assumption, we constructed phylogenetic trees from the longest numts and their corresponding mitogenomic segments of E. kuehniella (Pyralidae), Plodia interpunctella (Pyralidae), Spilonota lechriaspis (Tortricidae), and Plutella xylostella (Plutellidae). Plodia is the closest relative of Ephestia with a sequenced mitogenome, whereas Plutella serves as an outgroup. In all 14 such trees, the numt sequence was on the same sub-terminal node as the Ephestia mitochondrial sequence, as shown in Fig. 4 . We conclude from this that these sequences were inserted into the W after divergence of the Plodia lineage from that of Ephestia. A search with the mitogenome of Plodia in the W chromosme contig library did not reveal any numt with equal distance to Ephestia and Plodia. This indicates that none of the numts had been inserted in the W before divergence of the Ephestia and Plodia lineages. We had expected older numts besides more recently inserted numts. It is conceivable, however, that older numts have escaped 4 . ME tree of numt c621 (numt in contig c621) and homologous mitochondrial segments from Ephestia kuehniella (Pyralidae), Plodia interpunctella (Pyralidae), Spilonota lechriaspis (Tortricidae), and Plutella xylostella (Plutellidae, outgroup). detection due to major DNA changes since their insertion and only those from a rather recent burst of numt insertions had retained suffi cient similarity.
